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III-V  Sem i conductors  on  Si  Substrates  . , 

irv  i  ' 

I.  Introdnction 

.  Vl  l  tv  in l on 

The  use  of  Si  as  a  substrate  material  /^?-,  the*-- growth  of  GaAs  provides 
several  advantages  and  new  possibilities.  First,  the  growth  of  GaAs  on  Si 
would  allow  Si  circuits  to  be  combined  with  that  of  GaAs.  In  this  way,  the 
critical  functions  could  be  performed  with  GaAs  while  the  less  critical  ones 
could  be  done  in  Si,  taking  advantage  of  the  high  integration  densities. 
Another  possibility  is  the  nse  of  GaAs  lasers  for  optical  off  chip  communica¬ 
tion,  reducing  the  off  chip  driver  requirements  which  is  at  present  a  major 
bottleneck  in  overall  system  speed. 


Aside  from  these  new  possibilities  mentioned  above,  there  are  advantages 
in  using  Si  substrates  for  GaAs  technology  itself.  At  present,  GaAs  sub¬ 
strates  larger  than  3"  diameter  are  not  available.  The  growth  of  GaAs  on 
large  diameter  Si  wafers  would  provide  a  larger  diameter  wafer  on  which  to 
build  GaAs  ICs.  Further,  Si  has  a  larger  thermal  conductivity  than  does  GaAs 
which  would  allow  higher  power  dissipation  levels.  Si  is  also  much  less 
expensive  and  is  mechanically  stronger  than  GaAs,  minimizing  wafer  breakage 
probl  ems. 


The  growth  of  device  quality  GaAs  on  Si  poses  some  difficult  problems  to 
overcome.  First,  there  is  a  4%  lattice  mismatch  between  the  materials. 
Secondly,  GaAs  is  a  polar  semiconductor  while  Si  is  a  nonpolar  one  which  can 
give  rise  to  defects  called  antiphase  domains.  In  antiphase  domains,  the  GaAs 
growth  starts  in  some  regions  with  the  cation  plane  while  in  ot  er  regions 
with  the  anion  plane.  The  growth  of  GaAs  on  Si  provides  an  interesting  system 
to  study  the  mechanisms  involved  in  the  initial  stages  of  epitaxy. 
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II.  Growth  and  Material s  Properties 

As  mentioned  above,  the  suppression  of  antiphase  domains  is  an  important 
issue  in  the  growth  of  GaAs  on  Si.  The  method  we  have  used  to  suppress  anti¬ 
phase  disorder  is  to  grow  on  the  (100)  surface  and  to  deposit  an  As  prelayer 

12. 

to  ensure  a  uniform  starting  plane  across  the  substrate.  *  Since  As  is  quite 
volatile,  a  low  initial  growth  temperature  is  required.  While  it  is  possible 
to  grow  GaAs  at  these  low  temperatures  by  reducing  the  growth  rate,  it  would 
be  better  if  it  were  possible  to  use  higher  growth  temperatures,  as  better 
quality  material  could  be  obtained. 

In  growing  GaAs  in  the  (100)  direction,  planes  alternate  between  Ga  and 
As,  .  and  thus  by  ensuring  a  uniform  starting  plane  on  an  atomically  flat  sub¬ 
strate  surface,  the  material  should  be  free  of  antiphase  disorder.  If  there 
are  steps  in  the  substrate  surface  however,  the  situation  is  modified.  It  is 
known  that  in  the  Si  (100)  surface  both  single  and  double  atomic  layer  steps 

exist.  At  a  single  atomic  layer  step  with  uniform  As  layer  coverage,  an  anti¬ 

phase  boundary  will  be  generated.  However,  we  have  found  through  the  use  of 
chemical  etching  studies,^  x-ray  scattering,^  Raman  scattering  experiments  and 
transmission  el ectron  m icroscopy  (TEM)^  that  the  layers  are  free  of  antiphase 
di  sorder. 

The  second  issue  in  the  growth  of  GaAs  on  Si  is  the  4%  lattice  mismatch. 
TEM  investigations  have  revealed  that  there  are  two  types  of  edge  dislocations 
which  accommodate  the  majority  of  the  misaatch  in  this  system,  one  with  its 
Burgers  vector  in  the  plane  of  the  substrate  and  one  with  its  Burgers  vector 
nonparallel  to  the  substrate  plane.  When  the  dislocation  has  its  Burgers  vec¬ 


tor  in  the  substrate  plane,  the  dislocation  line  cannot  propagate  into  the 
epilayer  and  therefore  does  not  degrade  the  material  quality.  Also,  fewer 
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dislocations  of  this  type  are  reqaired  to  accommodate  the  mismatch.  The  nse 
of  the  strain  field  of  a  strained  layer  saperlattice  to  bend  the  dislocations 
combined  with  intentionally  generating  perfect  edge  dislocations  propagating 
in  the  growth  plane  has  reduced  the  dislocation  densities  dramatically. 

Another  i s sue  with  regard  to  the  problem  of  mismatch  is  that  GaAs  and  Si 
do  not  have  the  same  thermal  expansion  coefficient.  Studies  of  x-ray  scatter¬ 
ing'*  have  revealed  that  the  GaAs  is  expanded  in  the  substrate  plane 
(compressed  in  the  growth  direction)  which  is  opposite  that  expected  by  com¬ 
paring  lattice  constants.  Since  GaAs  has  a  larger  thermal  expansion  coeffi¬ 
cient  than  Si,  this  would  be  expected,  and  the  amount  of  strain  roug  ;ly 
corresponds  to  that  expected  from  the  difference  between  growth  temperature 
and  room  temperature.  Studies  by  Raman  scattering  have  shown  no  observable 
shift  in  the  LO  phonon  peak,  indicating  no  strain.  However,  the  penetration 
depth  of  the  light  in  this  experiment  was  about  S00%,  which  demonstrates  that 
the  strain  in  these  samples  is  confined  to  the  interfacial  region. 


III.  Devices  and  Fabricat ion 


The  properties  of  devices  fabricated  in  these  G  aA?  layers  grown  on  Si 
look  quite  promising.  We  have  investigated  the  properties  of  GaAs  MESFETs  on 
Si  at  both  dc  and  microwave  frequencies,^  and  have  found  very  little  differ¬ 
ence  (if  any)  between  those  grown  on  GaAs  substrates  and  on  Si  substrates. 

Furthermore,  the  properties  of  both  types  were  found  to  be  nearly  identical  to 
GaAs  MESFETs  with  the  same  geometry  fabricated  by  direct  implantation  into 
GaAs  substrates.  Current  gain  cutoff  frequencies  and  maximum  oscillation  fre¬ 
quencies  of  f^=13.3GHz  and  f_._=30GHz  were  obtained  for  GaAs  MESFETs  with 

i.2pm  gate  grown  on  Si  substrates  as  shown  in  Figure  1.  At  dc,  GaAs/AlSaAs 


MODFETs  on  Si  having  characteristics  nearly  identical  to  those  grown  on  GaAs 
have  been  obtained.^ 

Since  field  effect  transistors  are  majority  carrier  devices,  their  pro¬ 
perties  are  not  as  sensitive  to  the  material  properties  as  a  minority  carrier 
device.  Therefore,  the  bipolar  transistor  and  in  particular  the  HBT  provides 
a  unique  tool  to  investigate  the  material  quality  of  GaAs  on  Si.  We  have 
already  obtained  HBTs  with  common  emitter  current  gains  of  p=13  for  a  struc¬ 
ture  with  a  0.2pm  thick  base.^  This  value  of  3  is  certainly  a  usable  value 
from  the  standpoint  of  circuit  operation,  however,  it  is  not  as  high  as  could 
be  obtained  from  the  same  structure  grown  on  GaAs.  A  series  of  HBT  structures 
was  grown  with  the  base  width  as  a  parameter  in  order  to  determine  whether  the 
gain  is  limited  by  recombination  in  the  neutral  base  region.  For  base  widths 
of  0.2,0.15  and  0.1pm,  current  gains  of  3=12,13  and  12  were  obtained,  indicat¬ 
ing  that  recombination  in  the  neutral  base  region  is  not  the  limiting  mechan- 


•y 

For  a  relatively  large  geometry  HBT  on  Si  (4x20pm  emitter),  we  have 

O 

obtained  a  current  gain  cutoff  frequency  of  fy=30GHz.  Values  of 

f  =11.3GHz  have  also  been  obtained  as  shown  in  Figure  2.  These  results  corn- 
max 

pare  with  the  values  of  f^=40GHz  and  fmax=26GHz  which  are  the  best  reported 
for  an  HBT  structure  on  GaAs  with  an  emitter  width  of  ~l.'pm. 

Heterojunction  devices  hold  significant  advantages  over  Si  devices. 

Therefore,  the  ability  to  monol  ith  ical  ly  integrate  the  two  would  have  many 

advantages.  A  useful  feature  of  GaAs  on  Si  is  that  the  typical  processing 

temperatures  are  very  much  different  and  the  two  semiconductors  are  quite  dif- 

0  , 

ferent  chemically.  We  have  demonstrated  that  the  processing  steps  involved 
in  producing  GaAs  devices  on  Si  are  compatible  with  5i  NMDS  devices,  by 


showing  that  little  or  no  degradation  in  NMDS  FETs  occurred  in  fabricating 
GaAs/AlGaAs  MDDFETs  on  the  same  wafer.  This  result  demonstrates  the  possibil¬ 
ity  of  a  monol  ithical ly  integrated  GaAs/Si  system. 

IV!  Conclus ion 

Despite  the  inherent  difficulties  in  growing  G  aAs  epitaxial  layers  on  Si, 
excellent  device  performance  has  been  achieved.  These  results  open  an  entire 
new  direction  for  heterojunction  electronics  as  it  makes  possible  the  combina¬ 
tion  of  Si  devices  with  high  speed  heterojunction  devices.  This  new  direction 
only  adds  to  the  importance  of  III-V  heterojunction  devices  in  future  elec¬ 


tronics. 
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Figure  Captions 


Figure  1.  Maximum  available  gain  and  small  signal  current  gain  plotted  as  a 
function  of  frequency  for  a  1.2pm  GaAs  MESFET  on  Si. 

2 

Figure  2.  Microwave  gain  and  current  gain  versus  frequency  for  a  4x20pm 
emitter  GaAs/AlGaAs  heterojunction  bipolar  transistor  grown  on  Si. 
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Psendomorphic  Modulation-Doped  FETs 


i.  Int  roduct ion 

Modulation-doped  heterojunction  semiconductor  structures  have  been  shown 
to  be  excellent  candidates  for  field  effect  transistors  (MODFETs)  due  to  their 
superior  electron  transport  properties  parallel  to  the  heterointerface.  Elec¬ 
trons  from  donors  in  the  higher  band-gap  materials  are  confined  in  a  potential 
well  in  the  narrow  band-gap  material  forming  a  degenerate  two-dimensional 
electron  gas  (2DEG).  The  separation  of  these  electrons  from  the  ionized 
donors  greatly  reduces  impurity  scattering  resulting  in  a  high  electron  mobil¬ 
ity  and  saturation  velocity.  By  far  the  most  commonly  studied  MODFET  is  based 
on  the  GaAs/ (Al,  Ga)As  system  although  other  systems  such  as  InGaAs/InP  and 
InGaAs/Al InAs  have  also  been  demonstrated.  Recently  a  new  type  of  MODFET 
called  the  psendomorphic  or  strained-quantmn-wel  1  MODFET  using  the  IrGaAs/GaAs 
system  has  been  introduced.  A  thin  layer  of  the  narrow  band-gap  InGaAs,  which 
is  lattice  mismatched  to  GaAs  (~1%),  is  sandwiched  between  r.n  undoped  GaAs 
buffer  and  a  doped  GaAs  cap  layer.  The  InGaAs  is  thin  enough  (~20oX)  that  the 
lattice  strain  is  taken  up  coherently  by  this  quartan  well  resulting  in  a 
disl  oca  tion- free  "psendomorphic"  material .  More  recently  we  demonstrated  that 
by  replacing  the  GaAs  with  the  even  higher  band-gap  low  mole  fraction  AlGaAs 
that  device  performance  rivaling  the  best  reported  G  aAs/AlGaAs  MODFET  results 
are  possible.^  ^  In  this  section  we  describe  the  advantages  of  this  system 
over  the  GaAs/AlGaAs  system,:  these  advantages  include  improved  noise  perfor¬ 
mance,  higher  operational  frequencies  and  no  degradation  during  cryogenic 


ope  ration. 


An  important  consideration  with  any  modulation-doped  system  is  the  con¬ 


duction  band  discontinuity  (AE  )  or,  more  importantly,  the  discontinuity 
between  the  donor  level  in  the  high  band-gap  material  and  the  narrow  bandgap 
conduction  band.  A  small  discontinuity  results  in  less  efficient  electron 
transfer  and  therefore  a  smaller  2DEG  concentration.  Furthermore,  a  small  AE 

c 

compounds  the  problems  of  the  parasitic  MESFET  effect  and  may  increase  the 
possibility  of  hot  electron  injection  into  the  higher  band-gap  material.  In 
the  GaAs/AlxGaj_xAs  system  an  aluminmn  mole  fraction  greater  than  0.2  is 
needed  to  provide  a  sufficiently  large  AE^  for  adequate  electron  transfer,:  in 
the  IrfiaAs/Al ^Ga^.^s  system  a  mole  fraction  of  only  about  x=0.15  appears  suf¬ 
ficient  because  the  conduction  band  of  InGaAs  lies  below  that  of  GaAs.  The 
use  of  high  mole  fraction  Al^Gaj  As  (x>0.2),  however,  can  lead  to  persistent 

photoconductivity  (PPC)  effects.  These  include  the  ’collapse'  of  drain  I-V 
characteristics  (see  Fig.  la)  and  uncontrollable  threshol  d  vol  tage  shifts  at 
77K  (see  Fig.  lb).  This  latter  problem  of  threshold  voltage  shifts  occurs 
even  in  devices  which  do  not  show  the  collapse  and  make  77K  logic  very  unreli¬ 
able.  Deep  levels  (DX  centers)  in  tie  Al^Ga^—^As  are  believed  to  be  the  cause 
of  the  persistent  properties.  The  InG aAs/AIG aAs  MDDFET  avoids  these  problems 
by  using  a  lower  mole  fraction  (x<0.2)  where  the  DX  occupation  probability  is 

significantly  reduced. 

In  micron  and  submicron  structures  the  intrinsic  transconductance  is  (to 
first  order)  determined  by  th !  product  of  the  average  electron  velocity  and 
the  2DBG  capacitance.  A  higher  transconductance  is  expected  with  the  InGaAs 
based  systems  over  GaAs  due  to  the  higher  saturation  velocity  in  InGaAs.  The 


2DEG  capacitance  can  likewise  be  made  higher  by  decreasing  the  thickness  and 
increasing  the  doping  concentration  of  the  higher  band-gap  material.  The 
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InGaAs/AlGaAs  system  has  the  advantage  over  GaAs/AlGaAs  that  higher  doping 
densities  are  possible  with  low  mole  fraction  Al^Ga^^As  due  to  reduced  donor 

compensation.  Furthermore,  the  AlGaAs  trap  density,  which  is  in  part  propor¬ 

tional  to  the  doping  concentration  is  significantly  reduced  in  low  mole  frac¬ 
tion  A1  xGax  As. 

The  same  advantages  of  InG aAs/AIG aAs  over  GaAs/AlGaAs  MODFETs  in  dc  per¬ 
formance  can  be  applicable  to  microwave  performance.  Consider  the  limiting 
current  gain  cut-off  frequency  given  by  f^=va/2nL'g  where  va  is  the  average 
electron  velocity  under  the  gate  and  L'  is  the  gate  length.  The  improved 
electron  $a  tur  ation  vel  oci  ty  in  InGaAs  should  result  in  a  significant  increase 

in  f^,  compared  with  that  of  GaAs  FETs.  Generation- recombina tion  noise  is  also 

expected  to  be  lower  due  to  reduction  of  occupied  deep  levels  in  low  mole 

fraction  Al^Ga^As. 


II.  Dev  ice  Structure  and  Fabrication 


The  pseudomorphic  single  quantum  well  InGaAs/AlGaAs  structures  studied 
were  grown  by  JBE  on  sem  i- insul  ating  GaAs  substrates.  Figure  2(a)  shows  a 
typical  structure  which  begins  with  a  ten  period  superlattice  (not  shown)  con¬ 
sisting  of  50&  GaAs  and  20%  AlAs  layers.  This  is  followed  by  an  unintention¬ 
ally  doped  1pm  GaAs  buffer  layer  and  either  a  150  or  20oX  quantum-well  of 

0 

(strained)  undoped  In^Ga^_yAs  with  y  varying  from  0.0^  to  0.2.  Finally  a  30A 

o  1 8  —3 

'^0.15®a0  85^s  Bndoped  set-back  layer,  350An_Alg  15®a0.8J^s  doped  3x10  c® 

9  + 

with  Si,  and,  a  200A  n  -GaAs  cap  ls.ver  to  facilitate  ohmic  contact  formation 
is  grown.  The  baud  diagran  of  a  typr.cal  pseudomorphic  structure  is  shown  in 
Fig.  2(b). 


Device  fabrication  is  in  no  way  different  from  that  used  with  the  well- 
established  GaAs/AlGaAs  system.  The  process  begins  with  defining  and  etching 
of  mesa  isolation  patterns  using  standard  UV1  photolithographic  and  etching 
techniques.  Source  and  drain  regions  are  then  defined  in  positive  photoresist 
and  AuGe/Ni/Au  contacts  evaporated.  The  metal  is  lifted-off  and  alloyed  at 
500°C  in  hydrogen  atmosphere.  Nominal  1pm  gate  patterns  in  3pm  channels  are 
defined  using  chlorobenzene  treated  photoresist  (AZ4110).  Next  a  wet  chemical 
etch  is  used  to  recess  the  gate  region  below  the  GaAs  cap  layers  this  step  is 
immediately  followed  by  evaporation  of  ~3000&  of  almninum.  Finally  a  tiick 
Ti/Au  overlay  metallization  is  deposited  forming  bond  pads.  A  unoptimized 
1  x  290pm  T-gate  FET  structure  is  used  for  microwave  characterization  and  half 
a  1x290pm  T-gate  FET  (145pm)  is  used  for  dc  characterization.  Fabricated 
wafers  are  scribed  into  individual  devices  and  typical  FETs  bonded  to  TO-18 
headers  for  dc  measurements.  S-parameter  measurements  were  made  up  to  26.5 
GHz  at  Cascade  Microtech.  Inc.  using  an  onrwafer  microwave  prober. 


III.  DC  Characterization 

Hall  measurements  performed  on  the  sample  shown  in  Fig.  2  indicate  a  3  00K 
low  f  iel  d  mobil  ity  and  areal  concentration  of  6000cm  /V-s  (lowered  by  parallel 
conduction)  and  1.4x10  cm  respectively*  at  77K,  these  values  are 
29,  000cm^/V-s  and  1.2xl0^cm-^  and  exhibited  no  PPC  effect.  This  large  sheet 
carrier  concentration  is  certainly  adequate  for  high  current  FETs.  When  a 

lOoi  Alg  ijGag  85As  set-back  was  substituted  for  the  30A  layer  the  2DEG  con- 
centration  reduced  to  3x10  cm  and  the  Hall  mobility  increased  to  8,000, 
95,000  and  158,000  cm^/V-s  at  300K,  77K  and  10K,  respectively  which  represent 
the  highest  yet  reported  mobilities  for  a  strained-layer  structure.  Tne  low 
sheet  carrier  concentration,  however,  makes  this  higher-mobility  structure 


less  suitable  for  FETs. 


To  demonstrate  the  cryogenic  performance  of  InG  aAs/AlGaAs  pse  udomorph  i  c 
modulation-doped  material  is  superior  to  that  of  the  more  conventional 
GaAs/GaAs  material.  Hall  measurements  were  made  down  to  12K  in  the  light  and 
dark-  At  12  and  77X  measurements  of  persistent  photoconductivity  were  per¬ 
formed  by  measuring  the  sample  in  the  dark  just  following  illumination.  As 
Fig.  3  shows  there  is  virtually  no  change  in  either  the  mobility  or  sheet  car¬ 
rier  concentration  between  light  and  dark  for  the  InGaAs/GaAs  sample  as  com¬ 
pared  to  a  conventional  GaAs/AlGaAs  sample  of  similar  structure.  These  data 
show  that  for  similar  carrier  concentrations  the  larger  mole  fraction  (x=0.3) 
necessary  in  the  GaAs/AlGaAs  system  results  in  significant  light  sensitivity 
and  PPC  effects. 

Devices  were  dc  characterized  using  an  HP4145  semiconductor  parameter 
analyzer  at  both  300  and  77K.  The  current-vol tage  and  FET  transfer  charac¬ 
teristics  at  300K  are  shown  in  Fig.  4(a)  and  (b),  respectively,  for  the 
1x145pm  pse  udomorph  ic  structure  given  in  Fig.  2(a).  The  curves  show  excellent 
saturation  and  pinch-off  characteristics  with  an  output  conductance  of  700pS 
and  an  on  resistance  of  18.42.  A  threshol  d  vol  tage,  defined  by  a  linear 
extrapolation  of  the  drain  current  versus  gate  voltage  to  zero  current,  of 
-0.3V  is  measured.  A  peak  extrinsic  transconductance  for  this  15%  In  mole 
fraction  device  of  270  mS/mm  at  3  00K  is  obtained  at  a  gate  voltage  of  +0.1-'’ 
and  a  d.rain  current  density  of  100  mA/mm.  When  the  indiun  mole  fraction  was 
increased  to  2C%  and  the  strained-quantum  well  size  reduced  to  150^  the 
(extrinsic)  transconductance  climbed  to  310  mS/mm  at  3 OOK.  This  transconduc¬ 
tance  is  siperior  to  the  best  reported  transconductances  for  lum  non- self- 


aligned  GaAs/AiGaAs  MDDFETs. 


A  theoretical  calculation  of  the  15%  indium  FET 


transfer  characteristic  based  on  a  classical  one— dimensional  charge  control 
model  indicates  a  maxim  an  intrinsic  tr anscondnctance  of  370  mS/mm. 

Fig.  5  (a)  and  (b)  show  the  77K  dc  characteristics  for  the  y=0.15  device 
in  the  dark.  There  is  no  'collapse*  as  is  sometimes  seen  in  GaAs/Al ^Ga^  As 
MODFETs  using  x>0.25.  When  the  device  is  illtminated,  the  curves  remain  vir¬ 
tually  unchanged  and  completely  return  to  their  original  values  when  the 
source  of  illtanination  is  removed.  Similar  characteristics  were  observed  for 
other  indium  mole  fractions.  Again  the  saturation  is  extremely  sharp  with  an 
output  conductance  of  only  200pS  and  an  on  resistance  of  10.9Q.  The  threshold 
voltage  at  77K  increased  to  -0.2V  representing  a  shift  of  only  about  0.1V  from 
300K.  The  peak  transconductance  increased  to  360  mS/mm  at  a  gate  voltage  of 
+0.2V  and  a  current  density  of  125  mA/mm.  The  20%  indium  mole  fraction  device 
again  showed  the  highest  transconductance  with  380  mS/mm  at  77K.  Table  I  sum¬ 
marizes  the  effect  of  mole  fraction  on  transconductance.  The  trend  of 
increased  transconductance  with  y  is  clearly  evident  with  the  exception  of  the 
10%  which  showed  a  reduce  transconductance  due  to  under^etching  of  gate 
recess. 

A  large  current  swing  is  just  as  important  as  high  transconductance  for 
logic  devices  where  gate  capacitance  charging  time  determines  switching  spjed. 
At  IV  on  the  gate,  drain  currents  in  excess  of  290  mA/mm  at  300K  and  310  mA/mm 
at  77K  were  obtained.  This  demonstrates  that  significant  current  levels  are 
possible  with  the  IrfiaAs/AlGaAs  heterojunction  system. 

An  important  problem  with  conventional  GaAs/A10aAs  'DDFETs  is  the  posi¬ 
tive  shift  in  thre  shol  d  vol  tage  after  a  gate  bias  sufficient  to  fully  turn-on 
the  channel  is  applied.  This  device  instability  due  to  bias  stress  appears  as 
a  hystersis  in  the  FET  transfer  characteristics.  A  large  positive  gate 


voltage  bends  the  conduction  band  in  the  (Al.Ga)As  enough  to  allow  energetic 
electrons  to  fill  DX  traps.  The  injected  charge  acts  to  decrease  the  2DBG 
concentration  and  therefore  shifts  the  transfer  characteristic  towards  higher 
gate  voltages.  (Similar  effects  have  been  reported  for  Si/SiO^  MOSFETs.  ) 
While  both  bias  stress  threshold  shifts  and  I-V  'collapse'  are  measures  for 
the  quality  of  AlGaAs,  in  particular  the  DX  occupation  probability,  many  sam¬ 
ples  exhibiting  no  'collapse'  show  significant  threshold  shifts  when  stressed. 
The  bias  stress  test  is  therefore  a  more  sensitive  indicator  of  AlGaAs  trap¬ 
ping  problems. 


Figure  6  shows  the  transfer  characteristic  before  and  after  bias  stress 
for  both  a  pseudomorphic  In^  jGsq  gg  As/A1q  g5As  and  a  conventional 

GaAs/Alg  jGsq  ^As  MODFET  with  similar  threshold  voltage  and  doping  concentra¬ 
tion.  Measurements  were  performed  at  77K  where  the  trap  emptying  time  (order 
of  minutes)  is  much  longer  than  the  measurement  time  (~5h).  Devices  were 
cooled  to  77K  with  ^pg=2V  and  Vq<Vuj.  A  HF4140  pico—  ammeter  was  used  to  moni¬ 
tor  the  drain  current  while  the  gate  voltage  was  swept  to  Vg=iv,  maintained 
for  one  minute,  and  swept  back  down  to  V^y^.  Fig.  7  clearly  indicates  that 
the  pseudomorphic  MODFET  shows  virtually  no  threshold  shift  while  the  conven¬ 
tional  MODFET  shows  a  0.12V  shift.  This  lack  of  threshold  shift  can  be  attri¬ 
buted  to  low  mole  fraction  Al^  ^Gbq  gjAs  where  the  percentage  of  occupied  DX 
centers  is  significantly  reduced  because  of  the  increase  in  equilibrium  energy 
of  DX  centers  over  the  Fermi  energy.  This  bias  stability  is  especially  impor¬ 
tant  for  practical  cryogenic  device  operation. 

The  source  resistance,  which  is  a  combination  of  the  ohmic  contact  resis¬ 
tance  and  the  parasitic  semiconductor  resistance  Rgfl>  was  measured  using 


transm  ission- 1  ine  measurements  at  both  300  and  77K. 


T,-.e  contact 


res i st  ance 


was  measured  at  low  electric  fields  where  a  constant  2DEG  concentration  could 
be  assmned  for  the  various  gap  lengths  and  resulted  in  an  excellent  linear  fit 
of  total  resistance  as  a  function  of  contact  spacing.  Contact  resistances  of 
0.17Q‘mm  and  0.23Q'mm  were  obtained  at  300  and  77K,  .  respectively.  The 
discrepancy  between  the  two  temperatures  may  be  because  the  room  temperature 
contact  resistance  is  not  due  solely  to  the  contact  made  to  the  2DBG  (as  is 
the  case  at  77K),  but  includes  in  parallel  a  better  contact  to  the  partially 
conducting  AlGaAs. 

The  parasitic  semiconductor  resistance  between  the  source  and  gate  was 
determined  at  both  300  and  77K  as  a  function  of  current  density  for  current 

densities  of  0  to  200  mA/mm.  At  77K  this  value  rises  from  about  1650/  at 

low  current  levels  to  2800/  at  200mA/mm.  This  increase  in  resistance  is  due 
to  the  mobility  becoming  smaller  as  the  electric  field  is  increased.  At  3  00K 
this  increase  is  not  as  dramatic.  The  total  source  resistance  was  determined 
then  for  the  relevant  current  density  by  adding  the  contact  resistance  and  the 

product  of  sheet  resistivity  and  source-gate  spacing.  Typical  values  for  a 

3pm  source  gate  spacing  were  2.7  and  1.00mm  at  300  and  77K,  respectively,  and 
are  expected  to  improve  with  processing  development. 

The  intrinsic  transconductance  g^  w as  calculated  for  each  gate  length 
device  (Lq=2,4,6,  and  10pm)  through  the  relation 

&m  , . . 

8m,  int“l-R  *  g 
s  m 

whore  is  the  total  source  resistance  discussed  above  and  is  the  extrin¬ 
sic  transconductance.  The  1pm  gate  length  device  was  not  included  because  it 
is  a  part  of  a  different  mask  set  and  was  therefore  processed  separately.  An 
analytic  model  [23]  indicates  that  transconductance  per  unit  gate  width  should 


be  related  to  gate  length  through  the  relation 
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where  Cq  is  the  2DEG  capacitance  per  unit  area  (asstmed  to  be  constant),  vsat 
is  the  2 DEC  saturation  velocity,  is  the  zero-field  2 DBG  mobility  and  Ij)sat 

is  the  drain-current  per  unit  length  at  the  given  gate  bias.  Figure  7  shows 


g. 


as  a  function  of 


—  at  both  77  and  300K.  According  to  (2) 
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which  is  equal  to 
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Good  fits  were  obtained  to  eqn  (2)  at  300  and  77K  and  from  the  slope 


of  the  curves  the  zero-field  2DEG  mobility  was  found  to  agree  with  Hall  meas¬ 
urements.  The  saturation  velocity,  calculated  from  the  intercept  at  77K  is 
3. 1x10^ cm/s  which  is  substantially  higher  than  the  average  velocity  of 


1.7xl0'cm/s  for  a  1  pun  gate  length  device  determined  from  the  relation 


ggj  j 

v  =— — .  Both  saturation  and  average  velocities  in  this  system  are  signifi- 

av  e  C 


o 

cantly  higher  than  those  found  in  conventional  AlGaAs/GaAs  ?©DFETs  of  the  same 
geometry. 


IV.  Microwave  Performance 

The  microwave  performance  of  pseudomorphic  MODFETs  were  measured  from  1 
to  26.5  GHz  using  a  Cascade  Microtech  on-wafer  prober  and  automated  network 
analyzer.  The  current  gain  h^  of  the  devices  were  determined  from  tie  meas¬ 
ured  S-parameter s.  Shown  in  Figure  8,  the  f^,  0f  the  20%  device  is  24.5G'!z, 
which  is  vastly  superior  to  conventional  NDDFETs.  The  equivalent  circuit 
model  of  Figure  9  was  found  to  provide  an  excellent  fit  to  the  mea;  ured  s- 
parameter  data.  Element  values,  listed  in  Table  II,  were  fit  to  the  data 


10 


using  a  least-squares-error  optimization  routine.  Figure  8  also  shows  the 

current  and  power  gain  performance  as  predicted  from  the  model.  f  is 

max 

predicted  to  be  40GHz  from  both  the  circuit  model  and  by  extrapolating  the 

power  gain  data  at  a  slope  of  -6dB' per  octave,:  a  30%  performance  gain  over 

conventional  MDDFETs.  Table  II  shows  element  values,  f_  and  f  for  devices 

l  max 

with  increasing  indian  mole  fractions.  These  results,  also  depicted  in  Figure 
10,  show  microwave  performance  improves  with  increasing  indium  mole  fraction. 
We  project  f^,  for  l/4pm  gate-length  devices  to  exceed  100  GHz  which  would  be 
25%  better  than  the  best  results  reported  to  date. 

Both  high  frequency  and  low  frequency  noise  measurements  have  been  per¬ 
formed  and  compared  to  those  obtained  in  GaAs/AlGaAs  conventional  MDDFETs  with 
identical  geometry.  The  high  frequency  results  indicate  that  the  noise  meas¬ 
ure  at  room  temperature  of  these  InGaAs/AlGaAs  MDDFETs  are  35%  lower  than  in 
otherwise  identical  GaAs/AlGaAs  MDDFETs,:  at  15K  the  noise  measure  is  reduced 
by  more  than  50%  (from  that  of  GaAs/AlGaAs  MDDFETs).  The  projected  perfor¬ 
mance  for  l/4pm  gate-length  devices  of  this  type  is  superior  to  anything 
available  today. 

Equivalent  low  frequency  gate  noise  voltage  spectra  of  1pm  gate-lengti 
modulation-doped  FETs  with  In^  ^Gsq  gjAs  quantum  well  structure  have  been 
measured  for  the  frequency  range  of  0,01  Hz  and  100  Sf!z  and  compared  with  the 
noise  spectra  of  conventional  AlGaAs/GaAs  MODFETs  and  GaAs  MESFETs.  The  prom¬ 
inent  g-r  noise  bulge  commonly  observed  in  the  vicinity  of  10  KHz  in  the  con¬ 
ventional  MDDFETs  at  3C0K  does  not  appear  in  the  case  of  the  new  InGaAs  Tuan- 
tum  veil  MDDFET.  Instead,  tis  noise  spectra  indicate  the  presence  of  low 
intensity  multiple  g-r  noise  components  superimposed  on  a  reduced  1/  f  noise. 
The  LF  noise  intensity  in  the  new  device  appears  to  be  the  lowest  amongst  we 


have  observed  in  any  MODFETs  and  MESFETs.  The  noise  spectra  at  82  a  in  the 
new  device  represent  nearly  true  1/ f  noise.  The  unusual  low-noise  behavior  of 
the  new  structure  suggests  the  effectiveness  of  electron  confinement  in  the 
quantum  well  that  significantly  reduces  electron  trapping  in  the  n-AlGaAs  and 
thus,  eliminates  the  g-r  noise  bulge  observed  in  the  conventional  MODFETs. 
Both  the  low  and  high  frequency  noise  performance  of  these  devices  are  impor¬ 
tant  and  indicate  that  the  InGaAs/AlGaAs  pse adorn orphic  MODFET  is  an  excellent 
candidate  for  low-noise  millimeter  wave  applications. 


VI.  Conclus  ion 

InG aAs/AIG aAs  pseudomorph ic  MODFETs  have  been  fabricated  which  exhibit 
superior  dc  and  rf  performance.  Hall  mobilities  as  high  as  158, 000cm*’/Vs  at 
10K  and  sheet  carrier  concentrations  of  1.2xl0^cm  ^  at  77K  have  been  obtained 
on  such  pse udom orphic  structures  without  exhibiting  significant  light  sensi¬ 
tivity  or  persistent  photoconductivity  effects.  Electron  saturation  veloci¬ 
ties  were  found  to  be  20%  higher  than  conventional  GaAs/AlGaAs  UDDFETs. 


Extremely  high  transconductances  as  high  as  310  mS/mm  at  3  00K  and  380 
mS/nnn  at  77K  for  devices  with  a  lpm  gate  were  obtained.  The  pseudomorphic 
MODFETs  exhibited  none  of  the  persistent  trapping  effects  observed  in  conven¬ 
tional  GaAs/AlGaAs  MODFETs  at  77K.  In  particular  no  collapse  of  drain  I-V 
characteristics,  minimal  threshold  shift  from  300  to  77K,  and  negligible 
effects  of  gate  bias  stress  were  detected.  This  greatly  improved  cryogenic 


performance  is  attributed  to  the  low  mole  fiaction  of  Al^  ^Guq  35AS  used  and 


better  carrier  confinement  in  the  InGaAs  quantum  well, 


Microwave  measurements  also  indicate  the  superiority  of  these  devices.  A 


maxim1*]  frequency  of  oscillation  of  4QGHz,  5  OS  better  than  conventional  M)D- 


FETs  of  similar  structures,  and  a  current  gain  cut-off  frequency  of  24.5GHz, 
IOC*  better,  were  measured  for  y=0.20.  Both  of  these  frequencies  were  found 
to  increase  as  the  indimn  mole  fraction  was  varied  from  y=0.05  to  0.2.  Low- 
frequency  noise  measurements  show  that  the  noise  is  greatly  reduced  and 
represents  nearly  true  the  1/  f  noise,  and  g-r  noise  is  also  drastically 
reduced.  High  frequency  (8GHz)  noise  measurements  indicate  noise  performance 
superior  to  conventional  GaAs/AlGaAs  MDDFETs.  These  outstanding  microwave 
characteristics  and  cryogenic  stability  make  these  devices  very  promising  for 
high-speed  logic  and  microwave  applications. 
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Figure  Captions 


Two  common  problems  encountered  with  cryogenic  operation  of  conven¬ 
tional  GaAs/AlGaAs  MDDFETs: 

(a)  'Collapse  of  the  drain  I-V  characteristics,  and 

(b)  Threshold  shifts  resulting  from  gate  bias. 

(a)  Typical  structure  for  MBE-grown  InGaAs/AlGaAs  pse udomorphic  MOD- 
FET  and 

(b)  the  associated  conduction  band  diagram.  The  conducting  channel 
forms  a  two-dimensional  electron  gas  in  the  strained-layer  InGaAs 
qaantun  well. 

Hall  mobility  and  sheet  carrier  concentration  as  a  function  of  tem¬ 
perature  for  the  conventional  GaAs/AlQ  3GaQ  ?As  and  pseudomorphic 

*n0  15Ga0  85As,A^0  15Gs0  85As  ^^FET  structure.  The  pseudomorphic 
structure  exhibits  virtually  no  light  sensitivity  or  PPC  effects  due 

to  the  lower  mole  fraction  Al^Ga^^As  used. 

300K  current-voltage  characteristics  (a)  and  transfer  characterio- 
tics  (b)  for  1x145pm  pseudomorphic  MODFET.  Excellent  pinchoff  and 
saturation  behavior  are  evident  with  a  peak  transconductance  of  270 
mS/mm  and  a  maximum  current  density  of  290  mA/mm  at  ^pg=2V. 

77K  Current-voltage  characteristics  (a)  and  transfer  characteristics 
(b)  for  a  pseudomorphic  MODFET  with  a  3pm  source-drain  spacing.  The 
gate  potential  ranges  from  -0.3V  (bottom  curve)  to  +0.9V  (top 


curv  e ) . 


The  I-V  curves  remain  virtually  unchanged  under  illumina- 


15 


n  . 


$ 


tion  with  no  PPC  effects  or  drain  I-V  ’collapse'.  The  peak  extrin¬ 
sic  transcondnctance  is  360mS/mm  with  a  maximum  current  of  310 
mA/mm. 


Gate  bias  stress  measurements  for  conventional  GaAs/Al^  ^Gsq  ^As 
(dashed  line)  and  pseudomorphic  InQ  15GaQ  85As/A1q  i5G«o  85As  ( so1  ld 
line)  MODFETs  at  77K.  Threshold  voltage  shift  is  due  to  electron 
trapping  in  the  AlGaAs  and  is  a  measure  of  the  quality  of  the 
material.  The  pseudomorphic  MODFET  shows  very  little  shift  due  to 
the  reduced  trap  occupation  probability  of  low  mole  fraction 

A10.15Ga0.85As* 


Fig.  7.  Dependence  of  gate  length  and  intrinsic  transconductance  according 
to  eqn  (2)  . 


Fig.  8.  Maximran  available  gain  (G  )  and  short  circuit  current  gain 

max 

(201og|h21|)  0f  In0>20Ga0.80As/,A1  0. 15Ga0.85As  ?,,0DFET« 


Fig.  9.  Equivalent  circuit  model  for  MODFETs. 

Fig.  10,  f,p  and  fmax  as  functions  of  In  mole  fraction,  y,  for  1pm  gate  lengt 
MODFETs. 
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Table  II. 


Equivalent  circuit  parameters  for  devices  with  increasing  indium  mole  traction 


Parameter 

Dev  ice 

L  nu 

Indium 

o 

5 

lo 

15 

20 

\  . 

2.5 

2  s 

2.5 

2  5 

2  s 

\  oils 

Y 

o  o 

O  ( i 

-O  4 

0  0 

0.0 

V  oils 

I . 

43.0 

37  o 

23.0 

45  0 

24.0 

m  A 

42  7 5 

SO  so 

76  72 

77.94 

SI  01 

mS 

r,. 

0.54 

0.69 

0.67 

O  5S 

o.5  3 

rf: 

7. 

3  2b 

3  S7 

4  3S 

4.23 

3.90 

psec  i 

C,H. 

:  29.25 

21  19 

43  94 

32  S2 

35  54 

II- 

cis 

!  50.29 

63. S  7 

61  13 

62.62 

62  76 

rr  i 

G,r 

i  2.51 

4  00 

2  51 

2  S' 

2.52 

mS 

R 

!  1  04 

1  20 

1  16 

1.20 

1  20 

n 

R., 

1  4.S2 

5  6  7 

5  79 

7  05 

7  31 

a  i 

R’i 

j  7. SO 

7  26 

6  66 

6  49 

6.40 

Q 

R. 

1 .95 

3  09 

3  53 

3.39 

3  39 

0 

L.. 

26  57 

26  29 

27.97 

22  SS 

22.52 

PH 

L, 

i  4S  47 

49.49 

40  2S 

35  16 

34  90 

pH  l 

L, 

:  10.05 

13.5S 

10.45 

10.36 

10.45 

PH 

tinax 

j  30.5 

36.0 

34.5 

37  0 

40  0 

GHz 

ij 

!  120 

19.0 

IS. 5 

21.5 

24.5 

uHz 

ERF 

:  0013 

0.01  s 

0.017 

0.019 

0  016 

Table  III. 


Noise  Performance  of  In,,  lsGa„85As/Al(,  ^Ga.DjjAs  device,  at  8GHz 


T=270°K 


\\i<V) 

2.5 

2.5 

2.5 

I  j  (  m  A  ) 

S 

10 

15 

.  Associated  Gain  (dB) 

0.5 

10.5 

10.0 

Min.  Noise  Figure  (dB) 

3.14 

3.33 

3  58 

T=1 5'K 

:  vd(V) 

2  5 

2,5 

1  2.5 

1  1(,  ( m  A  ) 

:  3 

s 

1  0 

Associated  Gain  (dB)  0.5 

i  10.4 

1  11.0 

|  Min.  .Noise  Figure  (dB )  i  0.63  0.56  j  0.56 
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IcGaAs/InAlAs  Hot  Electron  Transistor 


The  transport  of  hot  electrons  in  thin  semiconductor  structures  has  been 
receiving  a  great  deal  of  attention  because  of  the  possibility  of  collision 
freo  transport  which  in  turn  can  lead  to  ultrafast  devices.  With  crystal 
growth  techniques  such  as  molecular  beam  epitaxy  (MBE)  one  can  make  devices 
whose  dimensions  are  comparable  to  the  carrier  mean  free  paths.  In  such 
structures,  the  probability  of  electrons  traversing  the  devices  ball  istically 
increases  as  their  dimensions  get  smaller.  Recently  Heiblmn  et.  al .  ^  showed 
that  about  50%  of  the  electrons  exhibit  ballistic  transport  in  a  300&  thick 
GaAs  layer  at  liquid  helium  temperature.  Various  hot  electron  transistor 
(HET)  structures  have  been  used  by  several  authors^  3  to  obtain  the  distribu¬ 
tion  of  hot  electrons  at  low  temperatures.  Although  Shur  and  Eastman^  proposed 
a  purely  ballistic  model  for  electron  transport  in  a  diode  structure  composed 

of  n+-n  ~n+  layers,  consideration  of  inherent  problems  in  the  device  struc- 

7-8 

tuxes  made  it  hard  to  prove  the  ballistic  effect.  Double  barrier  resonant 

Q 

tunneling  structure  has  also  been  used  as  an  electron  injector.  In  t.i  is 
report  we  present  results  that  indicate  the  existence  of  ball  istic  transport 
through  a  0.3pm  thick  n-IriGaAs  plus  80oA  thick  InAlAs  semiconductor  layer  at 
relatively  high  temperatures  (77K). 

The  structure  used  in  the  present  investigation  (described  in  Fig.  1)  was 
grown  by  molecular  beam  epitaxy  on  an  InP  substrate.  The  substrate  was  held 
at  510°C  and  the  n-type  dopant  was  Si.  A  three  terminal  device  was  formed 
using  two  i- In^Ai  ^_^As  barriers.  This  resembles  a  unipolai  transistor  and  the 
usual  convention  was  adopted  to  describe  the  currents  and  voltages.  The 
emitter-base  junction  which  functions  as  the  hot  electron  injector  was  formed 
by  placing  a  7  5  A  thin  i“In^Al  ,_xAs  (x=0.52)  barrier  between  two  n 


InG  aAs 


m 
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layers,  both  doped  to  5il0^cm  The  base-collector  junction  was  formed  by 

placing  a  80oX  i'lu^Al^^As  (x=0.52)  barrier  between  two  n  *nyG®i-yAs 

(y*0 .53 ) ,  layers.  The  above  compositions  were  chosen  to  lattice  match  the 

layer:  and  thns  reduce  electron  scattering.  The  common  0.3|im  thick 
+ 

n  In^Gaj_yAs  ( y=0 .53)  layer  was  the  base  and  formed  the  transit  region  for 
the  injected  hot  electrons.  The  collector  was  doped  to  2xl0*®cm-^. 


The  energy  band  diagram  of  the  device  is  shown  schematically  in  Fig.  1. 
The  potential  barrier  height  due  to  band  di scontinuity  between  In^fJa^-yAs  and 

^nxAlj_xAs  is  about  0.6eVl  Biasing  the  emitter  negative  with  respect  to  tie 
base  causes  electrons  to  tunnel  through  the  emitter  barrier  and  reach  the  base 
region  with  energies  close  to  eVgg.  Since  the  electron  mean  free  path  in 
InGaAs  is  large  compared  to  that  in  GaAs  we  were  able  to  make  the  base  region 
relatively  thick  (300oX). 


By  cooling  the  device,  thermal  currents  are  reduced  and  tunneling 
currents  enhanced.  The  device  characteristics  measured  at  77K  are  shown  in 
Fig.  2.  The  collector  current  1^  for  different  emitter  currents  Ig  ranging 
from  2.0  aA  to  3.5:  mA  is  plotted  as  a  function  of  V^,  In  the  absence  of 
electron  injection  from  the  oaitter  (Ig=o)  Fowler-Nordheim  tunneling  of  base 
electrons  form  the  collector  current. 

Application  of  a  negative  emitter  base  voltage  raises  the  electron  energy 
and  when  the  Fermi  level  in  the  emitter  reaches  the  triangular  part  of  the 
emitter-base  barrier,  Fowler- Nor dheim  tunneling  of  electrons  occur.  Due  to 
the  lar^e  band  discontinuity  between  InGaAs  and  InAlAs  and  the  voltage  drop 
across  the  base  resistance,  considerable  emitter-base  voltages  (>0.7v)  are 
required.  The  electron  energy  as  they  are  injected  into  the  base  is  about  700  1 

aeV;  About  1 . 61*  of  these  electrons  are  collected  at  the  collector  which  are  j 
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The  average  mean  free  path,  considering  transport  through  InGaAs 
base  and  InAlAs  barrier,  calculated  from  this  figure  is  92oX.  This  apparently 
small  figure  is  a  result  of  our  particular  device  structure:  tie  large 
emitter  barrier,  thick  base  region  and  thick  collector  barrier  contribute  to 
the  small  gain.  In  addition,  the  injected  hot  electrons  see  an  abrupt  collec¬ 
tor  barrier  resulting  in  appreciable  quantum  mechanical  reflections. 


In  Fig.  3  the  conductance,  defined  as  the  derivative  of  I_  with  respect 


to  is  plotted  for  different  Ig.  The  conductance  is  proportional  to  the 

dl 

dv; 


2  dIC 

number  of  electrons  as  a  function  of  electron  energy,  0 C  n(E  )  for  nega- 

CB 


tive  collector  voltages.  In  this  region  collector  current  1^,  slowly  decreases 
and  rapidly  drops  to  zero  below  a  threshold  voltage  which  increases  with  ^pg. 
It  is  clear  from  the  figure  that  the  main  ballistic  peak  shifts  to  larger 
negative  voltages  as  the  energy  of  the  injected  hot  electrons  increases.  This 
shift  in  the  peak  towards  more  negative  V^.  is  larger  than  the  voltage  drop 
across  the  20Q  base  resistance  confirming  ballistic  transport.  The  full  width 
at  half  maximum  remains  constant  at  about  130  meVi  While  this  may  seem  large 
compared  to  values  obtained  for  a  300%.  thick  base  as  reported  in  Ref.  1,  when 
viewed  in  terms  of  the  large  emitter  voltages  needed  for  tunneling  in  the 
emitter  barrier,  and  the  thick  base  region,  the  observed  width  seems  reason¬ 
able.  The  non-abrupt  drop  to  zero  in  collector  current  observed  tear  the 
threshol  d  vol  tage  is  indicative  of  this  fact.  The  tail  on  the  left  side  of 
the  peak,  we  believe  is  the  result  of  some  injected  electrons  tunnel  ing 
through  the  top  of  the  triangular  collector  barrier. 


In  Table  I  we  present  the  results  obtained  in  our  investigation.  It  is 
assuned  that  the  electrons  have  the  same  energy  before  and  after  tunnel  ing 
through  the  emitter  barrier.  Thus  the  maximum  energy  of  tr.e  tunnei  ing 


electrons  eVL_  is  given  by 


where  0  = 


eViir«-i  +  elv'cB^ 


Collector  barrier  height 


Height  of  Fermi  level  above  the  conduction  band  in  the  col¬ 
lector. 


V™  = 


Collector  voltage  corresponding  to  maximon  electron  energy. 


The  calculated  energies  of  the  IaiAlj_xAs  barrier  are  given  in  the  last 
coloan.  The  values  range  frcm  600  meV!  to  678  meV!  with  an  average  of  633.6 
meVI  This  is  in  reasonable  agreement  with  the  barrier  height  of  0.6  eV 
obtained  by  thermionic  em ission  measurement s.  The  observed  spread  of  about  35 
meV:  in  our  experiment,  we  believe,  is  due  to  the  dispersion  of  tunneling  elec¬ 
trons  in  the  thick  base  region. 

In  summary,  we  have  observed  ballistic  transfer  of  electrons  at  77K  in  a 
relatively  thick  (0.3fnn)  ^q^Gsq^As  layer  forming  the  base  of  a  hot  elec¬ 
tron  transistor.  The  low  ballistic  gains  (1.6%)  observed  are  explained  in 
terms  of  the  large  transit  region  and  the  high  collector  and  emitter  barriers 
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